The Tbx4 transcription factor is crucial for normal hindlimb and vascular development, yet little is known about how its highly conserved expression patterns are generated. We have used comparative genomics and functional scanning in transgenic mice to identify a dispersed group of enhancers controlling Tbx4 expression in different tissues. Two independent enhancers control hindlimb expression, one located upstream and one downstream of the Tbx4 coding exons. These two enhancers, hindlimb enhancer A and hindlimb enhancer B (HLEA and HLEB), differ in their primary sequence, in their precise patterns of activity within the hindlimb, and in their degree of sequence conservation across animals. HLEB is highly conserved from fish to mammals. Although Tbx4 expression and hindlimb development occur at different axial levels in fish and mammals, HLEB cloned from either fish or mouse is capable of driving expression at the appropriate position of hindlimb development in mouse embryos. HLEA is highly conserved only in mammals. Deletion of HLEA from the endogenous mouse locus reduces expression of Tbx4 in the hindlimb during embryogenesis, bypasses the embryonic lethality of Tbx4-null mutations, and produces viable, fertile mice with characteristic changes in the size of bones in the hindlimb but not the forelimb. We speculate that dual hindlimb enhancers provide a flexible genomic mechanism for altering the strength and location of Tbx4 expression during normal development, making it possible to separately modify the size of forelimb and hindlimb bones during vertebrate evolution.
INTRODUCTION
Tetrapod limbs show great morphological diversity (Flower, 1876; Mariani and Martin, 2003) . Although a common pattern of skeletal structures can be seen in different species, the position of limbs, and the size, morphology and number of bones within limbs are extensively modified in organisms adapted to running, hopping, flying or swimming. Differences between forelimbs and hindlimbs of a single species can be just as striking as the differences exhibited among highly diverged species. For example, digit bones show striking elongation in flying animals owing to a local increase in skeletal growth in forelimbs but not hindlimbs. Conversely, pelvic structures are lost or greatly reduced in marine mammals, an alteration that affects the hindlimbs without disrupting normal forelimb development.
Numerous signaling and transcription factor pathways have now been identified that participate in limb development (Capdevila and Izpisua Belmonte, 2001; Mariani and Martin, 2003; Tickle, 2003) . Most of these factors are expressed in both forelimbs and hindlimbs. However, particular members of the T-box family of DNA-binding proteins are expressed specifically in forelimbs or hindlimbs of many different animals (Chapman et al., 1996; Gibson-Brown et al., 1998; Logan et al., 1998; Tamura et al., 1999; Ruvinsky et al., 2000; Takabatake et al., 2000; Tanaka et al., 2002) . Tbx5 is expressed in the forelimb field prior to forelimb outgrowth and continues to be expressed specifically in the forelimb mesenchyme as limb development proceeds. In humans, haploinsufficiency for TBX5 results in reduced and malformed forelimbs, as well as heart defects in Holt-Oram syndrome (Basson et al., 1997; Li et al., 1997; Agarwal et al., 2003; Rallis et al., 2003) . Likewise, loss of Tbx5 function in mice and zebrafish completely prevents outgrowth of forelimbs and pectoral fins, respectively (Ahn et al., 2002; Garrity et al., 2002) .
A related gene, Tbx4, is specifically expressed in the lateral plate mesoderm of the early hindlimb field and in the developing hindlimb bud (Chapman et al., 1996) . Haploinsufficiency for TBX4 in humans results in the hindlimb-specific defects of small-patella syndrome (SPS), including incomplete ossification of the pelvis and small or reduced kneecaps (Bongers et al., 2004) . Complete loss of mouse Tbx4 function also disrupts hindlimb development, although detailed studies have been difficult because of mid-gestation lethality due to vascular defects (Naiche and Papaioannou, 2003; Naiche and Papaioannou, 2007) .
Although Tbx4 and Tbx5 are among the earliest markers of the prospective forelimb and hindlimb fields (Gibson-Brown et al., 1996) , it is not yet clear how their forelimb or hindlimb specificity is established, or what causes the genes to turn on at different axial levels in animals whose forelimbs and hindlimbs form at different positions along the body. Previous studies suggest that the homeodomain transcription factor Pitx1 may act upstream of Tbx4. Pitx1 also shows hindlimb-specific expression, and can induce Tbx4 expression when overexpressed in chick forelimbs (Logan and Tabin, 1999) . The related paralog, Pitx2, has similar trans-activating properties and is initially co-expressed with Pitx1 in the lateral plate mesoderm of the early hindlimb field. However, Tbx4 expression is reduced, but not eliminated, in Pitx1 -/-or Pitx1 -/-Pitx2 +/-embryos (Lanctot et al., 1999; Szeto et al., 1999; Marcil et al., 2003) . Although Tbx4 levels in Pitx1 -/-
Pitx2
-/-embryos have not been examined owing to early embryonic lethality, Tbx4 expression is maintained in Pitx1 -/-
+/-embryos at stages of hindlimb development at which Pitx2 is not expressed (Marcil et al., 2003) . Together, these results suggest that Pitx1 and Pitx2 are important upstream regulators of Tbx4, and that additional factors might also contribute to hindlimb-specific expression of Tbx4.
Dual hindlimb control elements in the Tbx4 gene and region-specific control of bone size in vertebrate limbs
Here we report a large-scale enhancer survey of the Tbx4 locus. Our transgenic and comparative studies show that two different cisregulatory elements contribute to hindlimb expression. Targeted knockout of one of these elements bypasses the lethality seen in Tbx4-knockout mice, and reveals an essential role for this enhancer in regulating bone size in developing hindlimbs.
MATERIALS AND METHODS

Transgenic mice
Transgenic mice were generated by pronuclear injections of FVB or C57BL6/CBA F2 embryos (Stanford Transgenic Research Facility and Xenogen Biosciences). BAC and plasmid DNAs were purified as previously described (DiLeone et al., 2000) . Multiple independent embryos were scored for each transgene and only reproducible patterns were scored as significant (see Table S1 in the supplementary material).
Hsp68LacZ transgenes
Potential enhancer regions were amplified using primers (Table 1) containing NotI restriction sites and cloned into the NotI site of p5Ј-NotHspLacZ (DiLeone et al., 1998) . In cases where multiple tandem copies were desired, products were amplified with primers containing XbaI and SpeI sites, cloned into a modified pBS KS+ plasmid with two NotI sites flanking an XbaI site, excised with NotI and cloned into p5Ј-Not-HspLacZ.
BAC modifications
BACs RP24-376P4, RP24-84E15 and RP23-136J3 were identified by electronically searching mouse BAC end sequences (Zhao et al., 2001) , and were modified by homologous recombination in bacteria (Lee et al., 2001) . A Tbx4 targeting cassette was generated by amplifying 5Ј and 3Ј homology arms and cloning them into pIPTGfTet, which contains an IRES-βGeo cassette and an FRT-flanked tetracycline resistance gene (TetR) (Chandler et al., 2007) . 5Ј homology primers: Tbx4-IBG1, 5Ј-AGCTTGCTAG -CACATGTGGTCAGAGAGCATC-3Ј and Tbx4-IBG2, 5Ј-ATGAACTC -GAGTAATGGTGGACTCGGCTCCT-3Ј. 3Ј homology primers: Tbx4-IBG3, 5Ј-TTGACACTAGTCCCTGGGTGGGATAGAAGTA-3Ј and Tbx4-IBG4, 5Ј-AGTTATGCGGCCGCAAGAAAGGCCCTCCCTGTG-3Ј. Modified BACs contained an IRES-βGeo cassette 245 bp downstream of the Tbx4 stop codon. The FRT-flanked TetR was removed by transient expression of FLPe recombinase.
BAC deletions were generated by amplifying TetR with primers possessing homology to regions flanking particular enhancers. HLEA: HLEA-DelF, 5Ј-CCATGGAGCTCCAGGCTGCTTGGGGGAGGA GG -CCGAAGAGAGGGAACCCAAGATCTATGATTCCCTTTGTC-3Ј and HLEA-DelR, 5Ј-GGCTAGAACTGTGACTTCTCCAAGAGTCAAC -AGGCCCTAGACTGGACTCTTAGAGAATAGGAACTTCAAGCT-3Ј. HLEB: HLEB-DelF, 5Ј-AATGGCATTTTCCCTCACAAAGTC ACAC -AAATAAGTTGGCTCAGGAGACTAGATCTATGATTCCCTTTGTC-3Ј
and HLEB-DelR, 5Ј-CGAGCATGGGTTGTGTGCTCTGCATTC GCA -TGAGACATAACACCGTGTACTAGAGAATAGGAACTTCAAGCT-3Ј. TetR was subsequently removed from modified BACs by negative selection on fusaric acid after retargeting using homology arms identical to those used to create the initial TetR targeting cassette, but which lacked intervening TetR sequence (Yang et al., 1997) . Retargeting fragments were generated from overlapping primers: HLEA-TetRDelF, 5Ј-CCATGGAGCTCCAG -GCTGCTTGGGGGAGGAGGCCGAAGAGAGGGAACCCAAGAGT-CCAGT-3Ј and HLEA-TetRDelR, 5Ј-GGCTAGAACTGTGACTT CT -CCAAGAGTCAACAGGCCCTAGACTGGACTCTTGGGTTCCCT-3Ј; HLEB-TetRDelF, 5Ј-CCATGGAGCTCCAGGCTGCTTGGGGG AGG -AGGCCGAAGAGAGGGAACCCAAGAGTCCAGT-3Ј and HLEBTetRDelR, 5Ј-GGCTAGAACTGTGACTTCTCCAAGAGTCA ACAG -GCCCTAGACTGGACTCTTGGGTTCCCT-3Ј.
lacZ staining and in situ hybridization
Whole-mount lacZ staining and in situ hybridization were performed as described (Wilkinson, 1992; DiLeone et al., 1998) . The Tbx4 riboprobe was generated by amplifying a 959 bp fragment from mouse embryonic hindlimb cDNA, cloning into pCR4Blunt-TOPO vector (Invitrogen), digesting with NotI, and transcribing with T3 RNA polymerase. Tbx4 primers: Tbx4-P1F, 5Ј-CAAGGAGTATCCCGTGATCT-3Ј and Tbx4-P2R, 5Ј-CACATTC -TGAAATACCTTTCCATG-3Ј.
Quantification of lacZ staining
Forelimbs and hindlimbs of E12.5 embryos carrying transgenes pHLEA-768 and pPitx1Mut were measured for area of lacZ staining using ImageJ (Abramoff et al., 2004) . Ratios of hindlimb to forelimb staining for different constructs were compared using ANCOVA in S-Plus (6.0) (Insightful Corporation). (Brudno et al., 2003; Frazer et al., 2004) .
Comparative sequence analysis
Generation of hindlimb enhancer-knockout mice
An HLEA targeting vector was generated by amplifying 5Ј and 3Ј homology arms from mouse strain 129P2 (5Ј arm: genome assembly mm9; Chr11: 85, 687, 689, 553; 3Ј arm: Chr11: 85, 690, 696, 175) and cloning into pLoxPNT flanking a floxed Neo cassette (Shalaby et al., 1995) . The HLEA sequence with a 3Ј flanking loxP site was then inserted between the floxed Neo and the 3Ј homology arm to create targeting vector pHwHLEAKO. Homology arms were sequenced to verify the absence of mutations.
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Development 135 (15) *pHLEA-768 and pPitMut are identical with the exception that a putative Pitx1 site has been mutated from TAATCC to GACTAC in pPitMut. The following primers were used to introduce the mutation by PCR (mutated bases underlined): 5Ј-AGCCCGTCGCCAGGGTAGTCGTGCCCGTCTGTTGGTGG-3Ј and 5Ј-ACTACCCTGGCGACGGGCTGGGGTGGCGTCTGGGAGTT-3Ј.
Homologous targeting was performed on ES cell line CGR8.8 (strain background 129P2) by the Stanford Transgenic Facility using standard protocols (Joyner, 1993; Townley et al., 1997) . ES cell colonies were screened for correct targeting at the 5Ј end by PCR. PCR-positive clones were verified by Southern blot using a 3Ј probe. Chimeras were bred to C57BL/6J females resulting in germline transmission from two ES cell clones. Heterozygous mice were bred to mice carrying a CMV:Cre transgene (mouse strain DBA/2Tg-2.6I, maintained on a C57BL/6J background, provided by David Anderson, California Institute of Technology, Pasadena, CA) to generate the Tbx4 ΔHLEA allele. Mice were maintained on a mixed background of 129P2 and C57BL/6J.
Mice were genotyped using a three-primer multiplex PCR that produces a wild-type product of 164 bp and Tbx4
ΔHLEA product of 263 bp: HLEA1F, 5Ј-AACCTGGCTGAAGACTCCTG-3Ј; HLEA2F, 5Ј-AGGACATGTT -TCTGAACGAGC-3Ј; and HLEA1R, 5Ј-GCTGTCCGAGGAATGC C -ATG-3Ј.
Animals were handled using protocols approved by the Stanford University Animal Care and Use Committee.
Allele-specific expression
Levels of Tbx4 expression from wild-type and Tbx4
ΔHLEA alleles were measured in E11.5 F1 hybrid embryos generated by crossing DBA/2J males and 129P2 or Tbx4 ΔHLEA females. The second coding exon of Tbx4 was amplified from lung and hindlimb RNA using RT-PCR with forward primer 5Ј-CGGAGCAGACCATCGAGAA-3Ј and reverse primer (5Ј-biotinylated, HPLC-purified) 5Ј-TGCCTGCCTCGTGGAACTT-3Ј. Pyrosequencing was performed using primer 5Ј-CCATCGAGAACATCAA-3Ј to analyze the relative levels of mouse SNP rs29454648 derived from DBA/2J and 129P2 Tbx4 alleles (EpigenDx, Worcester, MA). Statistical analyses were performed by arcsine transforming the percentage of DBA/2J and 129P2 transcripts from each tissue sample and performing a two-tailed t-test assuming unequal variance.
Skeletal preparations and measurements
Skeletal preparations of 8-week-old male mice were prepared with Alcian Blue and Alizarin Red staining as described (Lufkin et al., 1992) and measured under a dissecting microscope with an eyepiece reticule (n=14 wild-type, n=15 Tbx4
ΔHLEA heterozygous and n=15 Tbx4 ΔHLEA homozygous animals). Body lengths and forelimb and hindlimb bone sizes were compared using a two-tailed t-test assuming unequal variation. No statistically significant differences were seen for body length or forelimb bone sizes between wild-type and mutant animals, and normalization of hindlimb measurements to body length or forelimb bone size produced similar results.
RESULTS
A BAC scan across the Tbx4 locus localizes cisregulatory elements
To screen large regions upstream and downstream of Tbx4 for limb control elements, we identified three mouse BACs that span a 344 kb region (Fig. 1A) . Each BAC contains the entire coding region of Tbx4 plus varying amounts of flanking sequence. We inserted an IRES-βGeo reporter into the Tbx4 3Ј UTR of each clone, and generated transient transgenic embryos that were stained for β-galactosidase activity with X-Gal (lacZ staining).
The medial and distal BACs, RP24-84E15 and RP23-136J3, generated essentially identical patterns of lacZ staining in embryos at day 12.5 (E12.5) of development. Robust expression was observed in hindlimbs and in the lung, anterior genital tubercle and umbilical cord ( Fig. 1F-I ). This pattern closely resembles the endogenous pattern of Tbx4 expression, suggesting that these BACs contain most of the major Tbx4 cis-regulatory elements required at E12.5 (Fig. 1B ,C) (Chapman et al., 1996) . By contrast, the proximal BAC, RP24-376P4, exhibited staining in the lung and anterior genital tubercle, but minimal staining in the umbilical cord and incomplete staining in the hindlimb with no expression observed in the distal half of the autopod (Fig. 1D,E) .
The similar lung and genital tubercle expression seen with all three BACs suggests that lung and genital tubercle regulatory elements are located in an 86 kb region shared by all three clones. We refer to this region as the lung interval (Fig. 1A) . The weak hindlimb expression driven by the proximal BAC suggests that some hindlimb control elements map to the region contained within this BAC (hindlimb interval I, Fig. 1A ). The much more complete hindlimb and umbilical cord staining observed with the medial and distal BACs suggests that a distal shared 59 kb region contains additional hindlimb elements, as well as umbilical cord elements (hindlimb interval II, Fig. 1A ).
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Isolation and characterization of Tbx4 enhancers
Previous studies suggest that evolutionarily conserved sequences often correspond to tissue-specific enhancers (Fortini and Rubin, 1990; Mortlock et al., 2003; Woolfe et al., 2005; Pennacchio et al., 2006) . Alignment of mouse and human Tbx4 region sequences revealed numerous evolutionarily conserved regions (ECRs) with 70% or higher sequence identity over at least 100 bp ( Fig. 2A) . We cloned several of these ECR-containing regions in front of an Hsp68 minimal promoter and a lacZ reporter, and tested whether individual fragments were capable of driving reporter gene activity at consistent locations in transgenic mice.
A 6.3 kb fragment within the hindlimb I interval drove reproducible lacZ staining in the hindlimbs of transient transgenic E12.5 embryos (Fig. 2B , transgene pDBM2, and data not shown). A 1073 bp subregion of this sequence showed high sequence identity between placental mammals and opossum, and exhibited identical enhancer activity to the full-length fragment (Fig. 2B ,C, transgene pDBM7). We designated this 1073 bp fragment hindlimb enhancer A (HLEA). HLEA produced strong expression in the proximal portion of the hindlimb, but was generally excluded from the distal half of the autopod. Sections through hindlimbs showed that HLEA exhibits strong activity throughout the proximal limb mesenchyme at E12.5 (see Fig. S1 in the supplementary material). Lower and more-restricted enhancer activity was also observed in the forelimb (Fig. 2C) .
Within the lung interval defined by BAC scanning, the third intron of Tbx4 contains the highest concentration of ECRs, including sequences with high conservation to chicken ( Fig. 2A) . A 5.5 kb segment from this region drove consistent expression in the developing lung and trachea of transgenic mouse embryos at E12.5 (Fig. 2B,D, transgene pDBM3) .
The 59 kb hindlimb II interval showed numerous regions conserved between mouse and human. We designed four transgenes that together enabled us to test 94% of these conserved sequences for enhancer activity ( Fig. 2A,B) . Only one of the four transgenes, pDBM40, drove consistent reporter expression at E12.5, with expression clearly observed in the hindlimb, umbilical cord and anterior genital tubercle ( Fig. 2E and data not shown). The hindlimb staining exhibited a clear posterior bias, which was evident both in whole-mount and sectioned material ( Fig. 2E and see Fig. S1 in the supplementary material). Reporter expression was also reproducibly observed in scattered cells throughout the torso and facial region, but this pattern did not resemble endogenous Tbx4 expression.
A 3.5 kb subregion of the original 9.2 kb pDBM40 fragment drove hindlimb, genital tubercle and umbilical cord expression but had lost the scattered torso/facial activity (Fig. 2B,F , transgene pDBM45, and data not shown). To further define the hindlimb control sequences, we subdivided the 3.5 kb fragment into two parts. The 3Ј half (pDBM50) retained the genital tubercle and hindlimb enhancer activity, albeit at somewhat reduced levels (Fig. 2B,G) . Neither half reproducibly drove umbilical cord expression, suggesting that both regions are required for umbilical enhancer activity. The 3Ј portion of pDBM50 contains a region with high sequence conservation from mice to cartilaginous fish (Fig. 3A) . We cloned a 654 bp region from mouse that encompassed all the sequences conserved in fish and placed four tandem copies upstream of Hsp68LacZ (Fig. 2B, pDBM5 ). This construct drove extremely
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Development 135 (15) intense lacZ expression throughout the hindlimb and genital tubercle ( Fig. 3B and data not shown). We designated this 654 bp fragment hindlimb enhancer B (HLEB). Because of the extreme conservation of HLEB, we also tested whether the orthologous sequence from fish exhibited similar enhancer activity to mouse HLEB when injected into mouse embryos. We cloned four copies of HLEB from a marine threespine stickleback, a fish with large spine-like pelvic fins (Bell and Foster, 1994) , upstream of Hsp68LacZ. Stickleback HLEB is 56% identical to mouse HLEB over a 300 bp region. Mouse embryos that carried the stickleback HLEB transgene exhibited strong lacZ expression in the posterior portion of the hindlimb at E12.5 (Fig. 3C, pDBM20 ). However, enhancer activity dropped off dramatically at the boundary of the autopod. Of fifteen independent F0 transgenic embryos, eleven completely lacked expression in the autopod. In the remaining four embryos, lacZ staining extended into the autopod, but this staining was weaker than that in the proximal hindlimb (Fig. 3C and data not shown) . At E9.5 and E10.5, expression was also posteriorly restricted, but to a lesser degree than at E12.5 (see Fig. S2 in the supplementary material). In addition, expression at E10.5 extended into the distal portion of the limb bud. Thus, fish HLEB also drives hindlimb expression, but with less autopod expression than seen with the mouse element.
Developmental time course of HLEA and HLEB
We examined the activity of mouse HLEA and HLEB at additional stages by generating stable transgenic lines carrying either the 1073 bp HLEA element or four copies of the 654 bp HLEB element upstream of Hsp68LacZ. Both enhancers were active in the hindlimb field before the onset of hindlimb bud outgrowth and continued to drive strong expression at E10.5 and E11.5 in patterns that strongly resembled endogenous Tbx4 mRNA expression (Fig.  4) . HLEA demonstrated fairly uniform activity throughout the hindlimb, before losing activity in the distal half of the autopod at E12.5 (Fig. 2C and Fig. 4) . HLEA demonstrated varying levels of activity in the forelimb, but in all embryos forelimb staining was less intense and less extensive than in hindlimbs. By comparison, HLEB was much more hindlimb-specific. Both enhancers were active in hindlimbs during late embryogenesis. However, by E17.5, HLEA activity was restricted to knee and ankle bones (see Fig. S3 in the supplementary material). By E16.5, HLEB activity was strongest in knees, including the distal femur, proximal tibia and patellar ligament (see Fig. S3 in the supplementary material).
HLEA and HLEB are essential for Tbx4 hindlimb expression
We tested the relative importance HLEA and HLEB by examining the effects of deleting them, individually and in combination, from BAC RP24-84E15 (Fig. 5A-C) . Deletion of HLEA dramatically reduced hindlimb expression, although expression was still seen in the posterior region of the hindlimb (Fig. 5D,E) . Expression in the lungs, genital tubercle and umbilical cord was unaltered. The remaining hindlimb expression seen from the HLEA-deleted BAC (which still retains HLEB) appeared weaker than that seen when HLEB itself was cloned immediately upstream of a heterologous promoter (Fig. 2F) . This difference might be due to the fact that in the BAC clone, HLEB is located over 75 kb downstream of the Tbx4 promoter. Deletion of only HLEB from RP24-84E15 reduced expression in the most proximal and distal regions of the hindlimb, but the loss of expression was less dramatic than that seen with the deletion of HLEA (Fig. 5F,G) .
When we deleted both HLEA and HLEB from RP24-84E15, hindlimb lacZ staining was undetectable or barely detectable in transgenic embryos (Fig. 5H,I ). Expression in lung, genital tubercle and umbilical cord was not impaired, showing that HLEA and HLEB are required primarily for limb expression. We conclude that both HLEA and HLEB are required for robust hindlimb expression. Moreover, the patterns observed when HLEA and HLEB are deleted individually are not complementary, suggesting that these enhancers act synergistically rather than in a purely additive manner.
Mutation of a putative Pitx1 binding site reduces HLEA activity
Pitx1 expression in chicken forelimbs can induce Tbx4 (Logan and Tabin, 1999) . We therefore examined mouse HLEA for Pitx1/Pitx2 consensus binding sites [TAA(T/G)C(C/T) (Lamonerie et al., 1996; Tremblay et al., 2000) ]. Three sites were found in a 768 bp subregion of the original 1073 bp HLEA that was sufficient to drive strong hindlimb expression in transgenic embryos (Fig. 6C , transgene HLEA-768). One predicted binding site is conserved in 17 of 18 placental mammals; a second is perfectly conserved in 2547 RESEARCH ARTICLE Tbx4 enhancers and limb development placental mammals, marsupials and monotremes; and a third is found only in mouse ( Fig. 6A and see Fig. S4 in the supplementary material).
We mutated three bp in the single perfectly conserved Pitx1 binding site, creating a sequence that should be incapable of binding Pitx1/Pitx2 (from TAATCC to GACTAC, Fig. 6 , transgene Pitx1Mut) (Lamonerie et al., 1996; Tremblay et al., 2000; Lamolet et al., 2001 ). The Pitx1Mut enhancer still drove lacZ expression in transgenic embryos. However, expression in hindlimbs appeared lower than that seen with the wild-type enhancer (Fig. 6C,D) . Quantitation of lacZ staining areas confirmed a significant reduction in hindlimb relative to forelimb staining in Pitx1Mut-LacZ compared with control transgenic embryos (P=0.012) (Fig.  6B) . Thus, the perfectly conserved Pitx1 binding site is required
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Development 135 (15) for full hindlimb activity, but additional sequences must also contribute to the remaining forelimb and hindlimb activity of HLEA. These additional sequences might include additional Pitx1 binding sites, or sites for additional factors that also influence limb expression.
Knockout of HLEA results in reduced Tbx4 expression
To rigorously test the function of a putative Tbx4 hindlimb control region, we used homologous recombination to precisely excise HLEA from the endogenous mouse Tbx4 locus. We focused on HLEA because removal of this element from the BAC had the largest effect on hindlimb expression. We anticipated that removal of HLEA would generate a hypomorphic regulatory allele that would bypass the embryonic lethality observed with Tbx4-null embryos (Naiche and Papaioannou, 2003) , and thereby allow us to both determine the functional role of HLEA and observe the effects of reduced Tbx4 expression on normal hindlimb development. We created mice carrying a floxed HLEA allele via homologous recombination in ES cells (Fig. 7A,B) . We bred heterozygous mice carrying the floxed allele to a Cre deleter strain to generate the Tbx4 ΔHLEA allele in which HLEA has been completely deleted from the locus, leaving a single loxP site in its place (Fig. 7A,C) . We refer to this allele as ΔHLEA.
Animals heterozygous or homozygous for the ΔHLEA allele were viable and fertile and occurred at normal Mendelian ratios in crosses between heterozygous carriers (50 +/+, 98 +/ΔHLEA, 58 ΔHLEA/ΔHLEA). At E9.5, whole-mount in situ hybridization revealed no obvious differences in Tbx4 expression between ΔHLEA/ΔHLEA and wild-type embryos (see Fig. S5 in the supplementary material). However, by E10.5, ΔHLEA/ΔHLEA embryos had significantly less Tbx4 hindlimb bud expression (Fig. 7E-H) . This altered expression was most apparent in the anterior portion of hindlimb buds, and was also observed at E11.5 and E12.5 (Fig. 7I,J and data not shown) . In wild-type embryos, low levels of Tbx4 mRNA were routinely found in forelimb buds. This forelimb expression was reduced in ΔHLEA/ΔHLEA E10.5 and E11.5 forelimb buds, but by E12.5 forelimb expression was less affected (Fig. 7E,F and data not shown). As expected, umbilical cord and genital tubercle expression did not appear to be affected.
We used an allele-specific expression assay to more precisely quantify the impact of deleting HLEA on Tbx4 expression. The Tbx4 transcript contains SNPs that differ between 129P2 and DBA mouse strains. Since the ΔHLEA allele was generated on a 129P2 genetic background, we generated mice that carried one DBA allele and either the wild-type 129P2 or ΔHLEA 129P2 Tbx4 allele. We performed RT-PCR on E11.5 hindlimbs and lungs and quantified the relative levels of the DBA and 129P2 allele-specific SNPs using pyrosequencing. In both hindlimbs and lungs, the wild-type DBA and 129P2 alleles were expressed at equivalent levels (Fig. 7D) . By contrast, the ΔHLEA allele was expressed at levels comparable to the DBA allele in the lungs but at ~3-fold lower levels in the hindlimbs (129/DBA, n=18; 129ΔHLEA/DBA, n=16; ). Previous work showed that conditional inactivation of Tbx4 at E9.5 results in perturbed expression of Fgf8, Hand2 and Alx4 and in smaller hindlimbs (Naiche and Papaioannou, 2007) . No differences in expression of these genes were seen in ΔHLEA mutant embryos by in situ hybridization (see Fig. S6 in the supplementary material) .
Skeletal alterations in ΔHLEA mice
Adult animals homozygous for the HLEA deletion showed small, but significant, reductions in the size of multiple bones in the hindlimb, including the pelvis, femur, tibia and patella (Fig. 8A) . The hindlimb bones of heterozygous adults were also affected and were intermediate in size between the wild type and homozygous mutants (see Table S2 in the supplementary material). In the feet of homozygotes, anterior digits were more severely reduced than were posterior digits, and distal-most elements were more reduced than were proximal elements ( Fig. 8C and see Table S3 in the supplementary material).
The peroneal process on the head of the fibula was missing in all mutants, and there were fusions between tarsal bones of the ankle. Kneecaps were also displaced in 33% of animals (see Fig.  S7 in the supplementary material) . By contrast, no significant 2549 RESEARCH ARTICLE Tbx4 enhancers and limb development change was seen in average body length of wild-type and mutant mice, and length and width measurements for forelimb bones were similar, confirming that HLEA acts as a quantitative element for hindlimb but not forelimb growth during normal development (Fig. 8B) .
To determine whether the size reduction observed in adults is apparent during embryogenesis, we also measured the widths of forelimbs and hindlimbs of E11.5 wild-type and homozygous mutant embryos. When normalized to crown-rump length, we found that hindlimbs of homozygous mutants were ~7% narrower (+/+, n=12; ΔHLEA/ΔHLEA, n=11; P=4.1ϫ10
), whereas forelimbs of the wild type and mutants did not differ significantly (P=0.20). These results show that small, but significant, effects on hindlimb growth begin at the limb bud stage, before overt differentiation and ossification of skeletal elements.
DISCUSSION
Our analysis of cis-regulatory sequences controlling Tbx4 shows a dispersed group of enhancers spanning upstream, downstream and intronic regions of the locus, including two distinct regions controlling hindlimb expression. The hindlimb enhancers differ in their sequence, precise patterns of activity within limbs, position relative to the Tbx4 promoter region, and their degree of conservation. Our BAC deletion analysis shows that both enhancers are required for robust hindlimb expression, and suggests that these two enhancers might act synergistically to achieve this expression.
Conservation of cis-regulatory sequences from fish to mammals
Tbx4 expression in developing hindlimbs/fins has been faithfully conserved among most vertebrates with paired appendages. Are the factors regulating this expression also well conserved? HLEB is conserved at the sequence level from mice to cartilaginous fish. This indicates that despite dramatic alterations in the location and morphology of limbs in different animals, at least some mechanisms regulating hindlimb expression of Tbx4 have been maintained across 500 million years (Blair and Hedges, 2005) . In order to determine the extent of HLEB functional conservation, we examined enhancer activity of the HLEB from a fish in the context of a developing mouse embryo. At E9.5, the HLEB from the threespine stickleback drives patterns of hindlimb-specific expression that closely resemble those of mouse HLEB (compare Fig. 4D with Fig. S2A in the supplementary material) . The functional conservation of this enhancer is noteworthy given that sticklebacks, as well as other spiny-rayed teleosts, have pelvic fins that develop at a far more anterior position than those of other vertebrates (Nelson, 1994) . Previous studies have shown Tbx4 is expressed at the level of the developing hindfin in sticklebacks and so has also undergone an anterior shift (Cole et al., 2003) . The different axial levels of Tbx4 expression and hindlimb development could have occurred through alterations in the cis-regulatory sequences of Tbx4 in different animals or through shifts in the expression domains of upstream trans-acting factors. Since the stickleback HLEB drives expression in the hindlimb of mouse embryos, both the fish and mammal enhancers presumably respond to similar trans-acting factors. These results suggest that shifts in Tbx4 expression and hindlimb position in different animals occur by changes in the expression domains of shared upstream factors, rather than by modification of Tbx4 cis-acting sequences.
Whereas at early stages of mouse hindlimb development the stickleback HLEB drives expression extending into the distal-most portion of the mouse hindlimb bud, by E12.5 the activity of the stickleback enhancer is sharply decreased at the boundary of the autopod ( Fig. 3C and see Fig. S2 in the supplementary material) . Thus, during early phases of mouse hindlimb bud outgrowth, stickleback HLEB behaves much more like mouse HLEB than at later phases of hindlimb development. This functional difference in
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Development 135 (15) enhancer activity is interesting when considered in the context of fish fin and tetrapod limb development and morphology. The digits of mice and of other tetrapods are believed to be novel distal structures without clear homologs in fish, whereas sticklebacks have a spine-like pelvic fin formed from the fusion of enlarged dermal fin rays. The stickleback enhancer might lack crucial binding sites for autopod-specific or distally restricted trans-acting factors that are required to maintain activity in the distal portion of the mouse hindlimb at E12.5. This absence of crucial sites in stickleback HLEB could be due to a gain of transcription factor binding sites in the HLEB of tetrapods. Alternatively, sticklebacks, and possibly other teleosts, might have lost binding sites in HLEB that are important in maintaining distal enhancer activity. Given that the HLEB of elephant shark, a cartilaginous fish, demonstrates significantly better conservation to mammals than does the HLEB of sticklebacks and other teleosts (our unpublished observations), we favor the second possibility (Fig. 3) . This loss in teleosts would also be consistent with recent studies that have shown that teleosts have lost the later phases of Hox gene expression in their fins, whereas this expression has been retained in more-basal bony fish and cartilaginous fish (Davis et al., 2007; Freitas et al., 2007) .
A second hindlimb enhancer highly conserved in mammals In addition to the HLEB enhancer shared with fish, mammals have a second enhancer highly conserved from placental mammals to monotremes. HLEA is located over 86 kb from HLEB, and shows no obvious sequence homology with HLEB, suggesting that HLEA did not arise by simple duplication of an ancestral element. It is possible that some relationship exists between the two enhancers that cannot be detected by simple sequence alignment. Previous studies have shown that the sequence of enhancer elements can change to the point that global alignment is lost, even though the divergent enhancers still drive similar expression patterns and may respond to similar upstream factors (Ludwig et al., 2005; Fisher et al., 2006) . Several features of Tbx4 regulation, however, suggest that the two enhancers have somewhat different functions. First, the detailed expression patterns driven by HLEA and HLEB clearly differ, and this difference becomes more pronounced as expression is traced to later stages of development (see Fig. S3 in the supplementary material). Second, the patterns of residual expression following deletion of HLEA or HLEB from a BAC transgene also differ, confirming that some regions of the hindlimb are more dependent on one or the other of the two enhancers for Tbx4 expression (Fig. 5) . Third, the morphological effects of deleting HLEA are not uniform across the hindlimb. Anterior digits are more affected than posterior digits, a morphological effect that parallels the loss of Tbx4 expression in the most anterior portion of the autopod when HLEA is deleted (compare Fig. 7E-J with Fig. 8C) .
Deletion of HLEA and HLEB from a BAC transgene results in loss of Tbx4 expression in distinct hindlimb domains. Anterior expression is completely lost from hindlimbs when HLEA is deleted. By contrast, deletion of HLEB results in reduced expression in proximal and distal regions (Fig. 5) . These patterns of residual 2551 RESEARCH ARTICLE Tbx4 enhancers and limb development expression are not complementary and suggest that these two enhancers interact synergistically. Consistent with our BAC results, deletion of HLEA from the endogenous locus (with retention of a single 34 bp loxP site at the corresponding location) results in reduced Tbx4 expression in the anterior portion of mutant hindlimbs. However, the loss of anterior expression is less severe than that observed with our HLEA-deleted BAC transgene (compare Fig. 5D with Fig. 7J ), perhaps because additional cis-regulatory information is present in the endogenous locus that is absent from the BAC clone.
The factors acting upstream of HLEA and HLEB are not yet known. Previous studies have shown that ectopic Pitx1 expression is sufficient to trigger Tbx4 expression (Logan and Tabin, 1999) . In addition, Pitx1-knockout mice show reduced, but not absent, expression of Tbx4 in the hindlimb, suggesting that Pitx1 is one of the endogenous factors that controls Tbx4 expression (Lanctot et al., 1999; Szeto et al., 1999) . We found that mutation of a highly conserved Pitx1 binding site in HLEA reduces but does not eliminate hindlimb Tbx4 expression. The remaining enhancer activity might be due to additional binding sites for Pitx1, or to sites for additional factors that bind in the several-hundred-bp conserved HLEA enhancer region.
Tbx4 and hindlimb morphology
Early studies of Tbx4 focused on the possibility that Tbx4 expression helped specify forelimb versus hindlimb identity Takeuchi et al., 1999) . More recent studies have shown that Tbx4 expression is capable of rescuing forelimb outgrowth defects in a Tbx5 mutant mouse (Minguillon et al., 2005) . The resulting limbs have morphological features characteristic of typical forelimbs, not hindlimbs, suggesting that Tbx4 functions in limb initiation, rather than limb identity. Conditional inactivation studies also show that early loss of Tbx4 leads to severe truncation of hindlimb outgrowth, whereas Tbx4 inactivation at later stages produces milder limb defects (Naiche and Papaioannou, 2007) .
Our genetic knockout of HLEA provides a new method to bypass viability problems associated with loss-of-function mutations in the Tbx4 gene. Animals missing HLEA survive, are fertile, and have normal forelimb structures. Loss of HLEA leads to quantitative changes in the size of several different hindlimb bones, however, confirming that HLEA functions as a hindlimb enhancer and that Tbx4 is required for regional growth of specific skeletal structures in the vertebrate skeleton. The phenotypic effects of deleting HLEA are milder than the effects seen when disrupting all Tbx4 function in limbs beginning at E9.5-10.5 (Naiche and Papaioannou, 2007) . The milder phenotypes seen in ΔHLEA mice might be due to remaining Tbx4 expression and function in limbs driven by HLEB, a possibility that can be tested in the future by similar knockouts of HLEB, or of both HLEA and HLEB, from the mouse Tbx4 locus.
Comparative studies have long suggested that vertebrates can independently control the size and shape of specific bones in forelimbs and hindlimbs (Flower, 1876; Hinchliffe and Johnson, 1980) . Bats show striking elongation of digits in forelimbs but not hindlimbs. By contrast, kangaroos show robust development of hindlimb structures, and proportionately much shorter bones in forelimbs. Striking species-specific variation is also seen for individual bones within the hindlimb. The first digit ray of the human foot is unusually robust, giving rise to a characteristic big toe that supports a bipedal gait. By contrast, the anterior-most and posterior-most digits are nearly lost in horses, with weight-bearing transferred almost entirely onto a central hoofed digit.
The multiple independent hindlimb enhancers in the Tbx4 gene might provide a flexible genomic mechanism for influencing the quantitative size of skeletal elements in vertebrate limbs. Our genetic studies show that even heterozygous loss of one copy of HLEA can produce significant changes in the size of hindlimb bones (see Table  S2 in the supplementary material). Fine-scale changes in the size of hindlimb skeletal elements can thus arise from quantitative changes in Tbx4 expression, and these expression levels are themselves controlled by at least two different hindlimb enhancer regions. Recent studies suggest that regulatory alterations in key developmental control genes, such as Shh, Pitx1 and Prx1 (Prrx1), play an important role in limb modifications in naturally occurring species (Sagai et al., 2004; Shapiro et al., 2004; Cretekos et al., 2008) . In each case, null mutations in the corresponding gene are lethal, whereas regulatory mutations are viable and fertile. Our results show that mutations in limb-specific enhancers of Tbx4 can also provide a way to bypass the lethal, pleiotropic effects seen when the coding regions of the Tbx4 gene are disrupted. Based on the localized skeletal phenotypes seen in the current studies, we hypothesize that structural changes in HLEA and HLEB enhancer regions might be one of several factors that contribute to quantitative modifications in the size of hindlimb bones during vertebrate evolution. This possibility can now be tested by comparative sequencing of HLEA and HLEB in a range of organisms with different hindlimb morphologies, followed by functional tests in transgenic and knock-in mice (Cretekos et al., 2008) .
